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PERSPECTIVE Electrospun fibers: a guiding scaffold for research and regeneration of the spinal cord
The challenge to regenerating the nervous system compared to other tissues in the body is the complexity of the tissue. For example, a small amount of scar tissue formation after an injury to the skin may have few negative side effects, but any scar tissue in the central nervous system is a major physical and chemical barrier to nerve regeneration (Sofroniew, 2009 ). An ideal treatment for spinal cord injury (SCI) would overcome three major barriers to regeneration: the initial and persistent inflammatory response, physical and chemical barriers in the glial and fibrous scar tissues, and guidance of nerves across the injury site to re-innervation. A significant economic and scientific investment has been placed in mitigating neuroinflammation, but this has not resulted in recovery of lost function. Based on the current literature, any treatment that focuses on one of the three barriers to regeneration is insufficient for functional regeneration after SCI. To date, the only successful attempt to restore lost function has combined digestion of the glial scar with chondroitinase ABC (ChABC) and application of a nerve graft. The combined treatment of ChABC and the peripheral nerve graft to guide and support nerves after a complete transection of a rat spinal cord was able to completely restore lost bladder function (Lee et al., 2013b) .
Electrospun fibrous scaffolds are a material approach to overcoming the barrier of nerve guidance (reviewed by Schaub et al., 2015) . Electrospinning is a method of generating fibers with diameters on the order of nanometers to micrometers. The geometric properties of electrospun fibers are easily tuned, and there exists a significant body of literature focusing on the optimal properties of a fibrous scaffold for robust neurite growth. Over a decade ago it was discovered that aligned, electrospun fibers led to neurite extension along the length of the aligned fibers (Yang et al., 2005) . This result has been repeated in the majority of the literature, including in vivo where rostral and caudal axons of a completely transected rat spinal cord grew into the injured region on aligned fibrous scaffolds, and to a significantly lesser extent on randomly aligned fibrous scaffolds (Hurtado et al., 2011) . In addition to fiber alignment, fiber diameter has been found to play a role in axon guidance, where axonal guidance is better on micrometer diameter fibers compared to nanometer diameter fibers (Wang et al., 2010) . The current state of the literature indicates good agreement across multiple studies regarding how neurons respond to electrospun fiber alignment and diameter. In general, neurite extension is greater on aligned electrospun fibers than on randomly aligned fibers, and neurite extension is greater on fibers with micrometer diameters compared to neurite extension on fibers with a nanoscale fiber diameter.
One attractive aspect of the electrospinning process is the variety of polymers that may be used in the fabrication process, and material selection will play a critical role in both basic and applied neuroscience research. Unlike many other tissues where it is desirable to have a polymer that degrades in a matter of weeks to permit cells to replace the material with native tissue, nerve regeneration in spinal cord injury will likely take months. This is made evident in the study by Lee et al. (2013b) where recovery of bladder function required multiple months of nerve regeneration (Lee et al., 2013b) . Therefore, slowly degrading polymers will be critically important in the application of electrospun fibers for spinal cord repair so that fibers that guide neurons do not degrade prior to synaptogenesis. The slow degradation requirement has made polylactic acid (PLA) and polycaprolactone (PCL) attractive polymers for nerve regeneration, and these two polymers are used routinely throughout the electrospun fiber literature (Schaub et al., 2016) . One disadvantage to these polymers is that they are hydrophobic and tend to pose problems for cell adhesion unless the fibers are coated with a protein (e.g., laminin) or a charged molecule (e.g., polylysine). Counterintuitively, improving the hydrophilicity of electrospun scaffolds made of PLA by chemically modifying the surface of electrospun fibers with different charged molecules appears to provide no improvement in neurite extension (Schaub et al., 2015b) . The work by Schaub et al. (2015b) demonstrates the need for additional work to understand how materials influence neurite extension, and this need will become increasingly evident as the field moves forward and these materials are placed into animal models of SCI more frequently. Hurtado et al. (2011) demonstrated significant nerve growth into electrospun scaffolds made from PLA placed in the excised region of a rat spinal cord, but there was little to no nerve growth when electrospun scaffolds composed of collagen were placed into the excised region of a rat spinal cord. Liu et al. (2012a) proposed that the difference in results between the two studies could be the differences in diameter between the two studies, since the collagen fibers were ~200 nm while the PLA fibers were 1.6 µm. Therefore, as research into electrospun fibers progresses, there is a need to study both neurite extension and non-neuronal cell types to electrospun fibers composed of different materials while controlling the geometric properties known to affect neurite extension.
Another attractive aspect of electrospun fibers is the ability to load the fibers with drugs or protein to improve neurite extension or mitigate the effects of the glial scar. The general approach to encapsulating a drug or protein in the fibers is to add the molecule to the electrospinning solution prior to fiber fabrication. Proteins such as nerve growth factor that promote nerve growth (Chew et al., 2005) have been successfully released from electrospun fibers and maintain their bioactivity. The majority of the drug delivery data to date has focused on including bioactive agents to promote nerve growth, but as the field advances there will be a need for studies that show electrospun fibers are capable of releasing agents that mitigate the other two barriers to nerve regeneration: the glial scar and inflammation. A study by Schaub and Gilbert (2011) that involved the release of 6-aminonicotinamide from electrospun polylactic acid was an early attempt at targeting astrocytes, with the hope of mitigating the effects of reactive astrocytes. A more recent attempt to address the glial scar was a unique approach to releasing proteins from the fibers, which involved enzymatic linkage of ChABC to the surface of electrospun collagen fibers (Liu et al., 2012b) . It is well known that ChABC is highly unstable, but crosslinking ChABC to the surface of electrospun fibers caused sustained release of bioactive ChABC for one month. From these early studies, there is significant room for novel work to be done involving drug and protein release from electrospun fibers, and permits electrospun fibers to help address the issues of inflammation and the inhibitory glial scar.
Until recently, the primary focus of applying electrospun fibers to the spinal cord has been on guiding neurons. There has been significantly less attention on how other cell types interact with the fibrous scaffolds. One of the arguments for the use of the peripheral nerve graft for SCI repair is the trophic support provided to growing axons (Lee et al., 2013b) . Therefore, interaction of glia with electrospun fibers is likely a critical factor in the successful application of these materials. There is a limited amount of literature on the topic of glia and electrospun fibers, but a small body of research suggests glia interact favorably with electrospun fibers. For example, reactive astrocytes in an injured spinal cord have reduced expression of the glutamate transporter GLT-1, and reduced GLT-1 expression is thought to create a persistent and excitotoxic environment at the injury site (Lepore et al., 2011) . Astrocytes that are cultured on flat surfaces do not express GLT-1, but astrocytes cultured on random or aligned electrospun fibers express GLT-1 (Zuidema et al., 2014) . Further, the study by Zuidema et al. (2014) also demonstrated that astrocyte migration is predominantly along the length of electrospun fibers, confirming the observations of Hurtado et al. (2011) that astrocytes migrate into electrospun scaffolds implanted into rat spinal cords. In addition to astrocytes, oligodendrocytes are known to myelinate electrospun fibers made of a synthetic material (Lee et al., 2013a) . This finding suggests the process of myelination may be controlled by the physical size of an axon rather than surface proteins or extracellular matrix. The preliminary findings of glial interactions with electrospun fibers suggest the importance of electrospun fibers for basic neuroscience research, and may prove critically necessary to performing basic neuroscience research in vitro.
Electrospun fibers have received a lot of attention for nerve regeneration applications due to their ability to guide axons, but there is growing evidence of their utility for fundamental neuroscience research. While the application of electrospun fibers to nerve regeneration is only a little over a decade old, it is a field of increased interest due to the versatility and utility of the process used to generate the material. Use of this material in nerve regeneration applications and basic neuroscience research will help drive a clinical approach to functional recovery after SCI.
